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A B S T R A C T
Pr2NiO4+δ oxide with a layered Ruddlesden–Popper structure is a promising material for SOFC cathodes and
oxygen separation membranes due to a high oxygen mobility provided by the cooperative mechanism of oxygen
migration involving both interstitial oxygen species and apical oxygen of the NiO6 octahedra. Doping by Ca
improves thermodynamic stability and increases electronic conductivity of Pr2−xCaxNiO4+δ, but decreases
oxygen mobility due to decreasing the oxygen excess and appearing of 1–2 additional slow diffusion channels at
x ≥ 0.4, probably, due to hampering of cooperative mechanism of migration. However, atomic-scale features of
these materials determining oxygen migration require further studies. In this work characteristics of oxygen
diffusion in Pr2−xCaxNiO4+δ (x = 0–0.6) are compared with results of the surface analysis by X-ray photo-
electron spectroscopy and modeling of the interstitial oxygen migration by the plane-wave density functional
theory calculations. According to the X-ray photoelectron spectroscopy data, the surface is enriched by Pr for
undoped sample and by Ca for doped ones. The O1s peak at ~531 eV corresponding to a weakly bound form of
surface oxygen located at Pr cations disappears at ~500 °C. Migration of interstitial oxygen was modeled for a
I4/mmm phase of Pr2NiO4+δ. The interstitial oxygen anion repulses the apical one in the NiO6 octahedra pushing
it into the tetrahedral site between Pr cations. The calculated activation barrier of this migration is equal to
0.585 eV, which reasonably agrees with the experimental value of 0.83 eV obtained by the oxygen isotope
exchange method. At the same time, for the model compound Ca2NiO4+δ, obtained by isomorphic substitution of
Pr by Ca in Pr2NiO4+δ, calculations implied formation of the peroxide ion comprised of interstitial and lattice
oxygen species not revealed in the case of incomplete substitution (up to PrCaNiO4+δ composition).
Hence, calculations in the framework of the plane-wave density functional theory provide a realistic esti-
mation of specificity of oxygen migration features in Pr2NiO4+δ doped by alkaline-earth metals.
1. Introduction
Pr2NiO4+δ oxide with a layered Ruddlesden–Popper (R-P) structure
is a promising material for SOFC cathodes [1–8], electrodes for elec-
trolysers and reversible cells [9,10] and oxygen separation membranes
[11–14] due to a high oxygen mobility provided by the cooperative
mechanism of oxygen migration involving both interstitial oxygen
species and apical oxygen of the NiO6 octahedra, as well as inter-
mediate values of thermal expansion coefficients (TECs) and stability to
carbonization [3,5,11,15–20]. Doping is usually applied to diminish
Pr2NiO4+δ phase instability in the temperature range of 850–1000 °C
[21]. Particularly, it was found that doping by Ca improves thermo-
dynamic stability of Pr2NiO4+δ at these temperatures, increases
electronic conductivity, decreases the thermal expansion coefficient
value and chemical interaction with a number of solid state electrolytes
[6,20,22]. However, Ca-doping decreases oxygen mobility due to de-
creasing the oxygen excess and appearing of 1–2 additional slow dif-
fusion channels at x ≥ 0.4, probably, due to hampering the cooperative
mechanism of oxygen migration [19,20,23,24]. However, atomic-scale
features of Ca-substituted material determining oxygen migration re-
quire further studies.
Oxygen transport mechanism in first homologues of R-P phases was
modeled by such methods as molecular dynamics (MD) [25–32] and
density functional theory (DFT) calculations [23,30,32–40]. The dom-
inating mechanism of oxygen transport in K2NiF4-like compounds is so-
called cooperative mechanism (being also referred to as interstitialcy
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mechanism [30], cooperative interstitialcy mechanism [31] or inter-
stitialcy-mediated mechanism [36]) as mentioned above involving lat-
tice oxygen of perovskite layers and highly mobile interstitial oxygen of
rock salt layers with the second one being able to be accumulated in a
large amount [23,30,31,36,38,39,41,42]. The interstitial oxygen anions
pass through the Ln3 triangles to displace the apical oxygen anions of
the NiO6 octahedra, which move through the neighboring Ln3 triangle
to occupy the interstitial places. As demonstrated by MD for
La2−xSrxCoO4 ± δ [31], extensive local relaxation occurs around inter-
stitial position of oxygen anions consisting generally in the partial
tilting of the adjacent CoO6 octahedra to displace the neighboring
oxygen anions. Relatively low migration barrier is caused by co-
operative motion of polyhedra [30]. Calculated values of the migration
barrier for this mechanism were reported to be in the range of
0.73–0.80 eV for La2CoO4+δ, 0.71 eV for La1.2Sr0.8CoO4.1 and
0.3–0.7 eV for La2−xSrxNiO4+δ which agree with the oxygen diffusion
activation energy values according to the isotope exchange data
[30,31,36]. It was reported that the interstitial oxygen anions can be
both O2− and O− with migration of the last one being more en-
ergetically favorable [41], and interstitial peroxide anions being more
stable than the oxide ones (as demonstrated for La1.85Sr0.15CuO4+δ
[40]). On the other hand, other authors reported that charge for both
regular and interstitial oxygen varies not significantly, so there would
be incorrect to separate “O2−” and “O−” anions (e.g., Bader charge for
both regular and interstitial oxygen was calculated as
−1.34 e − −1.24 e for La2CoO4+δ) [30].
There is a difference in the oxygen transport trends at high and low
temperatures [32]. At high temperatures, the oxygen transport is
thermally activated, while it is lattice activated at low temperatures.
According to the low-temperature diffusion simulation for Nd2NiO4+δ
(δ = 0, 0.1 and 0.25), vibrational modes with [100] displacement and
[110] delocalization allow exchange between interstitial and apical
oxygen. At ambient temperature, increasing δ increases Ni cations ef-
fective charge leading to shortening NieO bonds and widening rock salt
layers being filled by higher amounts of interstitial oxygen. At tem-
peratures above 800 K δ effect on the oxygen mobility was not de-
monstrated [26,32].
Cooperative mechanism of oxygen migration can also involve
oxygen vacancies in apical sites [36,40]. Interstitial oxide anion for-
mation energy is lower in oxidizing conditions, while the vacancy for-
mation energy is lower in reducing conditions [40]. According to DFT
calculations for La1.85Sr0.15CuO4+δ, equatorial oxygen vacancies are
more stable compared to apical ones [40]. According to MD calcula-
tions [31], for a high dopant content (e.g., for LaSrCoO4 ± δ) oxygen
vacancies in perovskite layers are preferred to form in the equatorial
plane (on O1 sites). It was also reported that, according to DFT calcu-
lation, decreasing oxygen vacancies formation energy leads to in-
creasing the oxygen diffusivity [39]. Oxygen vacancy transport was
simulated by MD for O-deficient LaSrCoO4−δ [31]. According to these
calculations, vacancies can migrate between two neighboring equa-
torial positions (path O1-O1, migration barrier 0.97 eV), between apical
and equatorial positions (O2-O1, 1.14 eV) as well as hop between apical
(O2-O2, 2.11 eV) and equatorial (O1-O1, 6.02 eV) positions of adjacent
CoO6 octahedra and even between neighboring perovskite layers (O2-
O2, 1.26 eV). Thus, the lowest energy is for the vacancy migration
pathway via adjacent equatorial positions along the octahedron edge
within a-b plane, while apical-equatorial and apical-apical pathways
are relatively favorable as well. Scatter plots demonstrate that exchange
of oxygen anions between crystallographically nonequivalent O1 and
O2 position occurs within a-b plane of perovskite layers in the case of
oxygen vacancies presence. It is to be noted that oxygen vacancy mi-
gration along equatorial sites in perovskite layers is more favorable
pathway for La2CuO4+δ compared to the interstitial oxygen migration
[42,43]. The dominant defect type in anion sublattice of
La1.85Sr0.15CuO4+δ was reported to be equatorial vacancy [40].
In authors' previous study of features of oxygen transport in
Ln2−xCaxNiO4+δ (Ln = La, Pr) [24], incorporation of oxygen into the
interstitial position with a tetrahedral local Ln4 environment and for-
mation of four new OeLn bonds was demonstrated to be most likely
accompanied by a considerable weakening of two bonds of Ln cations
with oxygen ions in the regular positions, which are even broken pas-
sing into the interstitial positions, which is in agreement with the co-
operative mechanism of oxygen migration. Doping by alkaline earth
metals such as Ca leads to a decrease of oxygen diffusivity resulting in
some cases in emergence of 1–2 additional channels of slow oxygen
migration. This can be hypothetically attributed to decreasing highly
mobile interstitial oxygen content and steric hindrances while jumping
through Ln3−xMx cations' triangles [19,20,24].
The second possible mechanism of oxygen migration (interstitial
mechanism) involves interstitial oxygen anions only [30]. According to
this mechanism, the interstitial oxygen anion hops to adjacent inter-
stitial site directly within a-b plane. However, according to both DFT
and MD calculations this mechanism is less favorable. For La2CoO4+δ
the migration barrier was reported to be 1.27–1.39 eV (compared to
0.73–0.80 eV for cooperative mechanism involving interstitials). This is
due to absence of the cooperative motion of polyhedra and a higher
charge density along the migration pathway for the interstitial me-
chanism [30].
The other mechanism being referred to as oxide-peroxide mechanism
proposed for first R-P homologues considers involving both oxide (O2−)
and peroxide ((O2)2−) anions (which are also can be labelled as “O−”)
with migration barrier for peroxide anions being lower compared to
that for oxide ones or higher in some cases [36,41,44]. The distance
between O atoms in such anions was calculated as 1.5–1.7 Å. The
peroxide anions are stable or metastable dumbbells consisting of one
interstitial and one apical oxygen anions. This mechanism (also called
kick-out mechanism) includes association of metastable peroxide an-
ions, pull out of apical oxygen and dissociation of peroxide anions
Abbreviations
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[36,44]. E.g., according to DFT calculations for La2−xSrxNiO4+δ, mi-
gration barrier for this mechanism varies in the range of 0.5–3 eV de-
pending on Ni cations charge compared to 0.3–0.7 eV for cooperative
mechanism (the values are close and even value for oxide-peroxide
mechanism is slightly lower for Ni cations charge of 2.5+) [36].
Moreover, there is a certain anisotropy in the oxygen transport:
oxygen anions diffusion in a-b plane is faster than along the c axis,
significant difference in calculated values of both diffusion coefficient
and its effective activation energy being reported
[23,25–27,31–34,43–49]. For undoped Ln2NiO4+δ, it was demon-
strated that octahedral rotations in the structure affect the interstitial
oxygen transport in I4/mmm structure with the force constant of these
rotations becoming “softer” with decreasing the Ln cation radius (with
a minimum for Ln = Gd) [23]. A decrease in the Ln cation radius leads
also to decreasing the cell volume and the migration barrier (with a
minimum also for Ln = Gd) [23].
In this work characteristics of oxygen diffusion in Pr2−xCaxNiO4+δ
(x = 0–0.6) estimated in authors' previous works by the oxygen isotope
heteroexchange with C18O2 in the flow reactor [19] and O2 thermo-
programmed desorption (TPD) [16] are compared with the results of
surface analysis by XPS and modeling of the interstitial oxygen mi-
gration by plane-wave DFT calculations using VASP software.
2. Materials and methods
Pr2−xCaxNiO4+δ oxides (x = 0–0.6) were synthesized by a modified
co-precipitation method. Cations content in starting materials Pr
(NO3)3·xH2O, Ni(NO3)2·xH2O, and Ca(NO3)2·xH2O with a purity of
99.96% were determined by an inductively coupled plasma optical
emission spectroscopy using an Optima 4300 DV device. Taken in the
stoichiometric ratio, nitrates were dissolved in a mixture of distilled
water and ethanol (50:50) under continuous stirring and heating up to
70 °C. Then an excess of NH4OH was added gradually to obtain a
homogeneous gel of a blue-green color. Since the as-obtained gel con-
tained soluble Ni complex ammines, it was taken for the subsequent
treatment without washing to avoid Ni loss. After drying at 200 °C, a
solid residue was thoroughly grinded in an agate mortar and calcined at
600 °C for 2 h. The black-colored powder was milled for 1 h using a
Pulverisette-6 planetary mill (in agate drums, with the powder: stain-
less-steel balls: ethanol weight ratio of 1:5:1) and sintered first at
1150 °C for 5 h and, after subsequent milling for 1 h in the mill and
drying, at 1250 °C for 10 h. For some compositions the last stage of
synthesis was repeated to provide single-phase materials [20].
X-ray photoelectron spectra (XPS) were recorded using a SPECS
spectrometer (Germany) with a PHOIBOS-150 hemispherical energy
analyzer and AlKα radiation (hν = 1486.6 eV, 200 W). The binding
energy scale was preliminarily calibrated using the peak positions of the
Au4f7/2 (84.0 eV) and Cu2p3/2 (932.67 eV) core levels. The internal
reference method was used for the correct calibration of the photo-
electron peaks. The C1s peak (with binding energy of 284.8 eV) cor-
responded to the surface hydrocarbon-like deposits accumulated on the
surface during storage under contact with atmosphere. Analysis of the
data obtained by XPS was carried out by the software of XPS Peak 4.1.
The spectra were curve-fitted after a Shirley (Shirley + Linear for Ni2p
line) background subtraction. The line-shape was assumed to be a
mixture of Gaussian and Lorentzian functions.
The oxygen treatment of Pr1.6Ca0.4NiO4+δ sample was performed in
a chamber of photoelectron spectrometer equipped with a special high-
pressure cell allowing to made pretreatments of samples under different
atmospheres at pressures up to 1 bar in the temperature range from 50
to 450 °C. In this case, sample was supported on the stainless-steel mesh
spot welded to the standard sample holder. The oxygen treatment was
performed for 1 h at P(O2) ~ 300 mbar and temperature 350 °C, then
sample was cooled down to room temperature and oxygen was pumped
out from the cell (to UHV conditions – the background pres-
sure ~ 5 × 10−8 mbar). Finally, after the oxygen pretreatment the
sample was transferred to analyzer chamber without contact with air.
The annealing of the Pr1.6Ca0.4NiO4+δ sample in UHV at 500 °C was
performed in the Preparation chamber where background pressure did
not exceed 1 × 10−9 mbar.
DFT calculations: Migration of interstitial oxygen in the
Pr2−xCaxNiO4+δ was studied within the plane-wave density functional
theory. The Perdew–Burke–Ernzerhof (PBE) exchange-correlation
functional was applied for the calculations. Valence electrons states
were expanded in the plane waves with the 520 eV energy cut off. The
interaction of valence electrons with cationic cores was modeled by the
projector augmented wave (PAW) method. Brillouin zone was sampled
with a mesh of 4 × 4 × 2 k points. The calculations were performed
with account of antiferromagnetic binding of the magnetic moments of
Ni cations using the VASP package [50,51]. The oxide in question was
modeled by the 2 × 2 × 1 supercell (composed of 16 Pr, 8 Ni, 32 O
atoms)/Additional (interstitial) oxygen atom was placed in the tetra-
hedral hollow site between the Pr cations. Energy and force con-
vergence parameters were set to 0.1 meV and 0.1 meV/Å, respectively.
3. Results and discussion
3.1. X-ray diffraction
Pr2−xCaxNiO4+δ (x = 0–0.6) were single phase R-P oxides.
Undoped Pr2NiO4+δ and samples with a low (x = 0.1) and high
(x ≥ 0.4) Ca content are crystallized in an orthorhombic structure (O,
Table 1) with a Fmmm space group at low temperatures and a I4/mmm
space group at high temperatures. Unit cell parameters and volume for
the orthorhombic structure as well as parameters and volume re-
calculated to orthorhombic ones for the tetragonal structure decrease
with Ca content, which can be assigned to lowering the interstitial
oxygen content due to charge compensation. The samples with an in-
termediate Ca content (x = 0.2–0.3) retain a tetragonal structure (T)
with an I4/mmm space group over the entire temperature range
(25–850 °C). This orthorhombic – tetragonal structure transition is re-
lated to decreasing the interstitial oxygen content. The low-temperature
modification of samples with a high dopant content can be also at-
tributed to Bbcm space group. Orthorhombic – tetragonal structure
transition is probably related with the Jahn – Teller Ni3+ cations'
content increasing [19]. Results of XRD studies are summarized in
Table 1. According to in situ XRD studies using synchrotron radiation,
the phase transitions Fmmm ↔ I4/mmm were observed related with the
temperature increase and the oxygen loss. These phase transitions are
reversible in air atmosphere. The temperature of this transition varies
Table 1
Crystal structure and unit cell parameters for Pr2−xCaxNiO4+δ oxides.
x 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Structure O O T T O O O
Space group Fmmm Fmmm I4/mmm I4/mmm Bbcm Bbcm Bbcm
a, [Å] 5.3923 (2) 5.3864(2) 3.8129(1) 3.8044(1) 5.3737(1) 5.3373(1) 5.3451(1)
b, [Å] 5.4610(2) 5.4293(2) 3.8129(1) 3.8044(1) 5.3531(1) 5.3590(1) 5.3716(1)
c, [Å] 12.4441(5) 12.4258(4) 12.4089(2) 12.3900(2) 12.3619(3) 12.3590(4) 12.3603(3)
V, [Å3] 366.45(2) 363.39(2) 180.404(4) 179.322(5) 355.61(1) 353.50(2) 354.89(1)
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depending on Ca content non-monotonously. The detailed discussion of
structure features elucidated using XRD data analysis is omitted for
brevity and can be found in authors' previous works [19,20].
The evolution of the structure with an increase in calcium content is
associated with a decrease in content of the over-stoichiometric oxygen
with doping. This fact was experimentally revealed by the TGA and
iodometric titration methods [19,20,22]. It was shown that for
Pr2−xCaxNiO4+δ samples with x = 0, 0.2 and 0.4, for which the
structural changes were observed, the over-stoichiometric oxygen
content (δ) changed in the row 0.25, 0.11 and 0.02, respectively. The δ
value for the sample with the maximum doping level (x = 0.6) was low
(0.008), but still positive [20]. The δ value may change with both
temperature [15,20,52] and oxygen partial pressure variation [53],
which also may cause phase transitions. In the case of undoped
Pr2NiO4+δ the reversible orthorhombic (Fmmm) → tetragonal (I4/
mmm) phase transition is observed in the temperature range of
400–500 °C depending on samples' pre-history and ambient conditions.
The weight loss caused by the oxygen release from the layered structure
of Pr2−xCaxNiO4+δ under heating decreases at x ≥ 0.2, which results in
the structural stabilization over the entire temperature range from the
room temperature up to SOFC operating temperatures [20].
3.2. X-ray photoelectron spectroscopy
XPS spectra measured for the fresh and after different treatments
Pr1.6Ca0.4NiO4+δ sample are presented in Figs. 1–3. One can see that for
the fresh sample Ni is present in two states with binding energies (BE)
of Ni2p3/2 of 854.7 and 856.2 eV (Fig. 1(a)), which could be assigned to
the Ni2+ in Pr1.6Ca0.4NiO4+δ and Ni2+ in Ni(OH)2, respectively
[6,54,55]. We believe that the latter state is more preferable than Ni3+
in the composition of Ni2O3. Indeed, Greiner et al. [56] suggested the
formation of Ni(OH)2 rather than Ni2O3 on the NiO surface, which was
attributed to the higher thermodynamic stability of Ni(OH)2 compared
with Ni2O3. Consistent with this hypothesis, Seo et al. [57] reported the
formation of Ni(OH)2 on a carbon fiber Ni film rather than Ni2O3 as
well.
After annealing in vacuum at 500 °C the state attributed to Ni(OH)2
fully disappeared and only Ni2+ in Pr1.6Ca0.4NiO4+δ is present. For all
subsequent treatments the Ni2p spectra remained unchanged. The
binding energy value of Pr3d5/2 is 933.1 eV which is typical for Pr3+
state (Fig. 1(b)) [58], the shape and position of Pr3d spectra did not
change depending on the sample treatments. For the initial sample Ca is
in two states with BE values of 346.5 and 347.5 eV (Fig. 2(a)), which
were attributed to Ca2+ state in Pr1.6Ca0.4NiO4+δ and Ca2+ in CaCO3
[6,59,60]. The presence of CaCO3 was also confirmed by the C1s
spectra of fresh sample (Fig. 2(b)), where the pronounced peak at
289.3 eV exists, which is typical for carbonates on the surface. The
annealing of the sample leads to the disappearance of peaks assigned to
carbonates for both Ca2p and C1s spectra. As for the case of Ni2p
further treatments did not change the shape and positions of the Ca2p
and C1s XPS spectra. Fig. 3 shows the O1s XPS spectra measured for
Pr1.6Ca0.4NiO4+δ before and after different treatments (Table 2). For
the fresh sample, the O1s peak at the binding energy of 529.1 eV can be
assigned to the lattice oxygen O2− in the perovskite layers of the R-P
structure. The peak at 530.8 ± 0.1 eV is related to the weakly bound
oxygen, while the peak with the BE value of 532.0 ± 0.2 eV can be
attributed to the oxygen in the surface hydroxyl/carbonate groups (Ni
(OH)2 and CaCO3). In order to reveal the validity of the assignment of
the peak at the binding energy of ~531 eV to the weakly bound oxygen,
the sample Pr1.6Ca0.4NiO4+δ was heated in UHV (ultra-high vacuum
condition) up to 500 °C. A decrease in the intensity of this peak in-
dicates that it corresponds to the weakly bound oxygen species,
whereas the intensity of the peak at ~529 eV, related to the lattice
oxygen, remains practically unchanged.
The ratio of peaks intensities of the weakly bound oxygen to the
lattice one decreases from 0.5 to 0.4 (see Table 2). One can see as well
that after heating in UHV at 500 °C the peak attributed to hydroxyls and
carbonate groups almost disappeared (Fig. 2). Treatment in oxygen at
350 °C (P(O2) = 300 mbar, t = 1 h) leads to the recovering of weakly
bound oxygen intensity, the peak intensities ratio between O1s peaks at
530.8 eV and 529.1 eV increased from 0.4 to 0.54. The second heating
in vacuum at 500 °C again leads to decreasing of this ratio to 0.38, i.e.
to the ratio obtained after the first heating (Table 2). These data allow
us to conclude that the weakly bound oxygen has the relatively high
mobility.
It is to be noted that removal temperature of weakly bound oxygen
correlates with temperature of the interstitial oxygen desorption ac-
cording to TPD O2 (400–600 °C) demonstrating the intense peak of the
excess oxygen removal from rock-salt layers [16]. Two types of oxygen
anions according to O1s XPS data (lattice and weakly bound) might be
also in agreement with TPIE data showing nonuniformity of bulk
oxygen demonstrated as slow and fast diffusion channels (Section 3.3).
Fig. 1. Ni2p3/2 (a) and Pr3d5/2 (b) XPS spectra of Pr1.6Ca0.4NiO4+δ sample.
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3.3. Isotope exchange data
Oxygen transport features of Pr2−xCaxNiO4+δ were studied by the
temperature programmed isotope exchange of oxygen with C18O2 in a
flow reactor [19]. According to the isotope exchange data, the oxygen
mobility is high (tracer diffusion coefficient values are
~10−10–10−7 cm2/s at 700 °C depending on composition). This is
explained by cooperative mechanism of oxygen migration involving
both regular and interstitial oxygen described above in the Introduc-
tion. Doping with Ca2+ having a larger radius compared to Pr3+ [61]
results in decreasing the oxygen diffusivity. At the dopant content
x ≥ 0.4 it leads to forming 1–2 additional channels of oxygen migration
with complicated diffusion (Table 3). This can be explained by de-
creasing the highly-mobile interstitial oxygen content as well as steric
hindrances while passing the interstitial oxygen anions through the
Pr3−xCax triangles. Details can be found in authors' previous work de-
voted to oxygen transport studies in Pr2−xCaxNiO4+δ [19]. Oxygen
transport properties of Ca-doped Pr2NiO4+δ obtained by the authors of
this work as well as the data on the oxygen transport properties of
Pr2NiO4+δ, obtained by other methods, are summarized in Table 3. The
data on oxygen diffusion in Pr2NiO4+δ, obtained in this study agree
well with those obtained in [15]. Anisotropy of mobility of oxygen
interstitials, migrating by an interstitial (or push−pull) mechanism in
the rock-salt layers was evidenced by the experimental data obtained in
[40] using measurement on a single crystal and revealed by MD si-
mulations made in [26]. The authors [26] argue that the migration
takes place mainly in the a-b plane and depends upon the degree of
over-stoichiometry. Calculated values of the activation energy for the
oxygen diffusion process changed from 0.49 eV (δ = 0.025) to 0.64 eV
(δ = 0.20). Dependence of the oxygen migration barriers, calculated by
MD method, on the oxygen interstitial concentration was also demon-
strated in [23]. It was found that the migration barrier value changes
from 0.535 eV at δ = 0.065 to 0.915 eV at δ = 0.125.
The value of activation energy found for undoped Pr2NiO4+δ [19]
(Table 3) lies within the range of those calculated in the works [23,26].
Doping with Ca up to Pr1.7Ca0.3NiO4+δ composition results in activa-
tion energy values slightly exceeding this range. However, calculations
from isotope exchange data presented in authors' previous work [19]
agree in general with those presented in the works [23,26]. With in-
creasing Ca content the effective activation energy values increase,
which might be related with transport features discussed above.
Fig. 2. Ca2p (a) and C1s (b) XPS spectra of Pr1.6Ca0.4NiO4+δ sample.












Fig. 3. O1s XPS spectra of Pr1.6Ca0.4NiO4+δ at different sample treatment.
Table 2
The contribution (in [%]) of the oxygen states peaks to the total O1s spectra at different sample treatments.
Sample/treatment conditions 529.1 eV lattice 530.8 eV weakly bonded 532 eV hydroxyls/carbonates 530.8/529.1 ratio
Fresh sample 38.9 19.6 41.5 0.50
Treatment in vacuum, 500 °С, 1 h 64.0 25.4 10.6 0.40
Treatment in О2, 350 °С, Р = 300 mbar, 1 h 55.6 30.1 14.3 0.54
Second treatment in vacuum, 500 °С, 1 h 64.1 24.4 11.5 0.38
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3.4. DFT calculations
Migration of interstitial oxygen was modeled for the I4/mmm phase
of Pr2NiO4+δ [20] (Fig. 4) with antiferromagnetic binding of the
magnetic moments of Ni cations (unlike the work by Aspera et al. [34]).
The Pr2NiO4+δ structure obtained with δ = 1/32 = 0.031 appears
to be significantly distorted compared to the initial one without inter-
stitial oxygen (Fig. 5(a)). The interstitial oxygen anion repulses the
apical oxygen in the NiO6 octahedra even in the initial state (both an-
ions are marked pink in Fig. 5(b)). In the transition state, the interstitial
oxygen anion forces the apical one to break NieO coordination bond, so
both anions are placed at a long distance of 3.3 Å to the Ni cation as
compared to undistorted NieO bond length of about 2.0 Å (Fig. 5(b)).
Further approaching leads to pushing the apical anion into the tetra-
hedral hollow site between Pr cations (Fig. 5(c)). The Bader charge [62]
of these anions was equal to −1.2 e. The activation barrier of this
migration was 0.585 eV according to the calculations using NEB
method, which agrees with the experimental value of 0.83 eV (Table 3).
Note that earlier estimations using the interacting bonds semi-empirical
method provided underestimated value of the migration barrier of
about 0.3 eV [16], while molecular dynamics simulations over-
estimated it (up to 1.2 eV) [23].
Complete substitution of Pr cations by Ca dramatically changes
interaction between lattice and interstitial oxygen centers.
Nonstoichiometric oxygen (1 per 4 unit cells) in the structure of
Ca2NiO4+δ is attached to the oxygen ion in a regular lattice position
with the formation of peroxide ion (O2)2− species with the OeO dis-
tance of 1.39 Å (Fig. 6). The peroxide structure also manifests itself in
almost identical Bader oxygen charges of −0.51 e and −0.56 e for
lattice and interstitial oxygen ions, respectively, despite their none-
quivalent positions in the unit cell. Note that for other lattice oxygen
ions the Bader charges are in the range of −1.2 e to −0.98 e. For the
half-and-half PreCa substitution (the PrCaNiO4+δ structure), the for-
mation of peroxide does not take place. In fact, Pr2NiO4+δ-like struc-
tures were obtained in this case. Hence, DFT calculations provide rea-
listic estimation of the oxygen migration barriers in doped Pr nickelate
with R-P structure explaining observed trends in oxygen mobility
(Table 3).
4. Conclusions
Transport properties of Ca-doped Pr2NiO4+δ in connection with
structure features and ions' state were studied. Weakly bound oxygen
presence was proved. DFT calculations provide realistic estimation of
the oxygen migration barriers explaining observed trends in oxygen
mobility. The materials studied are promising for using in SOFC
Table 3
Experimental values of oxygen tracer diffusion coefficients at 700 °C for the Pr2NiO4+δ–based materials (the data were extracted from the graphic materials presented
in [10,15,19,46] using OriginPro tools) and apparent activation energy for the oxygen diffusion process obtained by different methods.b,c
Composition D⁎|700°C, [cm2/s] Apparent activation energy, [eV] Technique of measurements/calculations P(O2/CO2), [bar] Reference
Pr2NiO4+δ 7.0·10−8 0.83 TPIE (C18O2)a 0.01 [19]
Pr1.9Ca0.1NiO4+δ 3.4·10−9 1.08 TPIE (C18O2) 0.01 [19]





TPIE (C18O2) 0.01 [19]
Pr2NiO4+δ 6.33·10−8 0.71 SIMSb (18O) 0.21 [15]
Pr2NiO4+δ 3.12·10−9 2.0 GPEc (18O) 0.007 [10]
Pr2NiO4+δ
(a-b plane)
1.13·10−7 0.67 SIMS (18O) 0.21 [46]
Pr2NiO4+δ
(c axis)
5.86·10−10 1.10 SIMS (18O) 0.21 [46]
a TPIE – temperature programmed isotope exchange.
b SIMS – secondary ion mass spectrometry.
c GPE – isotope exchange with gas phase equilibration.
Fig. 4. The initial 2 × 2 × 1 I4/mmm supercell for Pr2NiO4+δ (a) and the same unit cell with 1 additional interstitial oxygen anion after geometry optimization.
Colors: Pr – yellow, Ni – grey, O – red (interstitial and apical oxygen anions are marked pink). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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cathodes and permselective layers of oxygen separation membranes.
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